Detecting gamma-rays from microquasars is a challenging but worthwhile endeavor for understanding particle acceleration, the jet mechanism, and for constraining leptonic/hadronic emission models. We present results from a likelihood analysis on timescales of 1 d and 10 d of ∼4 years worth of gammaray observations (0.1-10 GeV) by Fermi-LAT of Cyg X-1, Cyg X-3, GRS 1915+105, and GX 339−4. Our analysis reproduced all but one of the previous gamma-ray outbursts of Cyg X-3 as reported with Fermi or AGILE, plus 5 new days on which Cyg X-3 is detected at a significance of ∼5σ that are not reported in the literature. In addition, Cyg X-3 is significantly detected on 10-d timescales outside of known gamma-ray flaring epochs which suggests that persistent gamma-ray emission from Cyg X-3 has been detected for the first time. For Cyg X-1 we find three low significance excesses (∼3-4σ) on daily timescales that are contemporaneous with gamma-ray flares reported (also at low significance) by AGILE. Two other microquasars, GRS 1915+105 and GX 339−4, are not detected and we derive 3σ upper limits of 2.3 × 10 −8 ph cm −2 s −1 and 1.6 × 10 −8 ph cm −2 s −1 , respectively, on the persistent flux in the 0.1-10 GeV range. These results enable us to define a list of the general conditions that are necessary for the detection of gamma-rays from microquasars.
Introduction
A microquasar (µQSO) consists of a compact object (CO: a neutron star, NS, or a black hole, BH) that accretes matter from a normal stellar companion. The characteristic that distinguishes µQSOs from other Xray binaries (XRBs) is the presence of non-thermal synchrotron emission from relativistic jets launched near the CO (Mirabel & Rodríguez 1999) . These radio jets are believed to be powered by black-hole spin and/or by strong electromagnetic currents in the inner accretion disk (e.g., Blandford & Znajek 1977; Meier 2001) .
The presence of jets interacting with plasmas within strong electromagnetic and gravitational fields leads µQSOs to display rapid variability across a broad range of frequencies: from radio, to IR, and X-rays. A few of these objects have been detected in the gamma-rays (>100 MeV) with AGILE (Tavani et al. 2009b) , Fermi-LAT (Atwood et al. 2009 ), and MAGIC (Lorenz 2004 , and references therein). These are Cyg X-3 (Abdo et al. 2009c; Tavani et al. 2009a; Corbel et al. 2012; Piano et al. 2012 ) and Cyg X-1 (Albert et al. 2007; Bulgarelli et al. 2010a; Sabatini et al. 2010b Sabatini et al. ,a, 2013 . While the XRBs LS I+61
• 303 (Albert et al. 2006; Abdo et al. 2009a ) and LS 5039 (Paredes et al. 2000; Aharonian et al. 2005; Abdo et al. 2009b) have been detected at MeV-TeV energies, it is still uncertain whether they should be classified as µQSOs (e.g., Paredes 2011a).
Leptonic and hadronic processes are generally invoked to explain gamma-ray emission from µQSOs. In the former, relativistic electrons in the jet emit synchrotron radiation (with some loss due to selfabsorption), or they can Compton upscatter lowenergy (IR and UV) photons from the accretion disk or from the stellar companion to gamma-ray energies (e.g., Kaufman Romero et al. 2002; Bosch-Ramon et al. 2006; Sitarek & Bednarek 2012 , and references therein). In hadronic models, inelastic collisions between jet protons and those of the dense stellar wind produce neutral pions which decay into gamma-rays and neutrinos (e.g., Romero et al. 2003, and references therein) . Interactions between the jet and the clumpy winds from massive donor stars in HMXB microquasars can lead to gamma-ray emission from both leptonic (IC) and hadronic (neutral pion decay) processes Owocki et al. 2009 ). These winds can also serve as the site for the initiation of e − -e + cascades from a primary source of very-high energy (VHE) gamma-rays within the system; the secondary emission resulting from these pair cascades should be detectable in the low-energy gamma-rays (Bednarek 1997; Romero et al. 2010) . Some of these photons can be absorbed by the wind leading to variable gamma-ray emission (Dubus 2006) . Shocks at the termination zone where the jet meets the interstellar medium are also believed to produce gamma-ray photons (Bosch-Ramon et al. 2011 ). The common trait shared by these emission models is that gamma-rays are tied to the presence of radio jets (Paredes 2011b) . These jets appear during specific emission states for black-hole XRBs (BHXBs: e.g., Fender et al. 2004; McClintock & Remillard 2006 , and references therein). Indeed, this link between radio and gamma-ray emission was demonstrated for several gamma-ray outbursts of Cyg X-3 Williams et al. 2011; Corbel et al. 2012) . It is clear then that observations of this class of objects in the gamma-rays can shape our understanding of the role jets play in particle acceleration and the production of high-energy photons.
In this paper, we present a systematic study of four well-known µQSOs (Cyg X-1, Cyg X-3, GRS 1915+105, and GX 339−4) using gamma-ray data collected by the Large Area Telescope on board the Fermi space telescope. In § 2, the sources selected for this study are introduced, and the dataset and analysis techniques are described. We present results for individual objects in § 3, and we discuss their implications in § 4. A summary of our key findings is given in § 5.
Source List & Data Analysis

Source List
Our source list consists of the four µQSOs presented in Table 1 . All four systems happen to host black hole candidates even though µQSOs can sometimes host neutron stars (Fender 2002, and references therein) . In recent years, these µQSOs have displayed a wide range of X-ray luminosities and state changes, and so they are the regular subjects of observations by telescopes in all wavelengths. Of these sources, only Cygnus X-3 was unambiguously detected in the gamma-rays (with AGILE and Fermi). There are reports of possible gamma-ray emission from Cyg X-1 detected by AGILE (Bulgarelli et al. 2010a; Sabatini et al. 2010b Sabatini et al. ,a, 2013 but the detection significances are low (∼3-4σ) and these have not yet been corroborated with Fermi detections. The pri- mary objectives of this work are to reproduce previous gamma-ray detections of Cyg X-3 with the Fermi-LAT, and to apply a systematic search for possible gamma-ray emission from other µQSOs. A brief description of these µQSOs is provided in the following paragraphs.
Cygnus X-3
Discovered in the X-rays by Giacconi et al. (1967) , Cyg X-3 was subsequently detected in the radio band (Braes & Miley 1972) , and has since been observed and extensively studied in all wavelengths, including in the gamma-rays (Abdo et al. 2009c; Tavani et al. 2009a; Williams et al. 2011, e.g.) . The compact object in Cyg X-3 is believed to be a black hole (e.g. Shrader et al. 2010; Zdziarski et al. 2013 ) in a tight orbit around a Wolf-Rayet star (van Kerkwijk et al. 1992) . This configuration (a relativistic jet near a dense stellar wind) leads to gamma-ray emission that is modulated with the 4.8 h orbital period (Abdo et al. 2009c; Dubus et al. 2010) .
Around a dozen outbursts from this source have been detected above 100 MeV by Fermi and AGILE (Piano et al. 2012) . Multi-wavelength analysis of these gamma-ray outbursts led Corbel et al. (2012) to propose a set of three conditions that appear to be necessary for the detection of gamma-rays with the LAT: the source count rate in the RXTE-ASM 3-5 keV band should be higher than about 3 cts s −1 ; the count rate in the Swift-BAT 15-50 keV band must cross (in either direction) the critical value of 0.02 cts s −1 ; and there should be significant emission in the radio (flux densities 0.2-0.4 Jy). Whenever gamma-rays from this source are detected by the LAT, it is contemporaneous, but not necessarily coincident, with these conditions being satisfied. The order in which these various components (radio, X-rays, and gamma-rays) are emitted is not well understood with a time lag of ∆t = 5 ± 7 d between the peak emission in the radio band and in the gamma-rays (Abdo et al. 2009c ).
Cygnus X-1
Located at a parallax-derived distance of 1.86
+0.12 −0.11 kpc (Reid et al. 2011) , Cyg X-1 (Bowyer et al. 1965 ) is a bright, nearby µQSO featuring a likely black hole accreting from a high-mass companion with a binary orbital period of 5.6 d (e.g., Gies et al. 2008) . Cyg X-1 is a persistent X-ray emitter: its X-ray evolution does not follow a q-shaped track in the hardnessintensity diagram as is typically seen in transient systems (e.g., Fender et al. 2004; Wilms et al. 2006) . Instead, the source shows very fast (or sometimes failed) state transitions (e.g., Böck et al. 2011; Grinberg et al. 2013 ). This object is one of the best-studied X-ray sources in the Galaxy with firm detections from the radio band to the X-rays, and in the soft gamma-rays ( 10 MeV) with COMPTEL (McConnell et al. 2002) and with AGILE (>30 MeV: Bulgarelli et al. 2010a; Sabatini et al. 2010b Sabatini et al. ,a, 2013 . Polarized gamma-ray emission up to 2 MeV, whose likely origin is the jet, was detected with INTEGRAL (Laurent et al. 2011) . At even higher energies (>100 GeV), a brief 4σ excess was reported with MAGIC (Albert et al. 2007 ) coinci-dent with the beginning of a long-term brightening in the X-rays.
GRS 1915+105
An accreting black hole candidate in an LMXB system with a 33-d orbital period (e.g., Harlaftis & Greiner 2004) , GRS 1915+105 has been in outburst since 1992 when it was discovered in the hard X-rays by Granat (Castro-Tirado et al. 1992) . Apparent superluminal motion in the ejecta of its radio jets is one remarkable feature of this object (Mirabel & Rodríguez 1994) . Another interesting feature is its wide range of X-ray variability classes (e.g., Belloni et al. 2000; Klein-Wolt et al. 2002; Hannikainen et al. 2005) . Thus, GRS 1915+105 is one of the brightest and most variable sources in the X-ray sky making it a prime target for multi-wavelength campaigns from the radio to the hard X-ray band seeking to understand accretion physics around black holes and the interactions between the accretion disk and the relativistic jets (Rodriguez et al. 2008a,b) . Non-thermal emission (i.e., from the jets or at the termination shock) could extend up to very high-energy (VHE) gamma-rays, however, such emission has not been detected from this source with, e.g., HESS (Szostek et al. 2009 ), nor has it been detected in soft gamma-rays with Fermi or AGILE.
GX 339−4
A recurrent X-ray transient, GX 339−4 (Markert et al. 1973 ) is composed of a black hole candidate in a 1.8-d orbit (Jonker & Nelemans 2004 ) around a lowmass donor star (Hynes et al. 2003 (Hynes et al. , 2004 ). The source undergoes regular outbursts in the X-rays which trace a q-track in the hardness-intensity diagram (Belloni et al. 2005) . This system features powerful relativistic jets that are suppressed in the highsoft state (Corbel et al. 2000) leading to the discovery of a strong correlation between radio and hard Xray emission (Fender et al. 1999; Corbel et al. 2003 ). The distance to GX 339−4 is not well known (see discussion in, e.g., Zdziarski et al. 2004 ) but is suspected of being between 6 kpc and 15 kpc (Hynes et al. 2004; Zdziarski et al. 2004 ). Gamma-ray emission is expected from this µQSO (e.g., see discussion in Vila & Romero 2010 ) but efforts to detect this emission have been unsuccessful.
Data Analysis
Fermi Science Tools v9r27 and HEASoft 6.12 were used to analyze all photon events within 20
• of the sources listed in Table 1 that were captured by the Fermi Large Area Telescope (LAT: Atwood et al. 2009 ) between the first full day of data availability (2008 August 5: MJD 54683) and 2012 May 15 (MJD 56062). Good time intervals were selected for two energy bands (100 MeV-1 GeV and 100 MeV-10 GeV) with with gtselect and gtmktime. The events class was set to "2" which selects only highquality diffuse photons. To minimize background albedo photons from the Earth's limb, we restricted the zenith and rocking angles to less than 100
• and 52
• , respectively. The scripts gtexpcube and gtexpmap generated exposure maps while gtbin created photon counts maps in the region of interest. The instrument response functions consisted of P7SOURCE V6.
To create light curves on short timescales, the spatial distribution of known sources and their spectral parameters must be modeled as accurately as possible. Counts maps created from the full data set are presented in Fig. 1 . Visual inspection of these fields reveals the challenge in assigning photons to our targeted sources.
The BHXB state with the highest X-ray luminosity is usually the steep-power-law state (McClintock & Remillard 2006) which features a photon index Γ > 2.4, and a variable hard tail that can extend to ∼1 MeV (McClintock & Remillard 2006) . While the X-rays and gamma-rays could have different power-law slopes , we note that a photon index Γ = 2.7 was measured with Fermi-LAT during gamma-ray outbursts of Cyg X-3 (Abdo et al. 2009c ). This suggests that our targets should be faint, and any emitted gamma-rays are more likely to be found at the low end of the Fermi energy band ( 1 GeV). At these energies, the LAT point spread function (PSF) is of the order of a degree or more. Photons emanating from our targets (and from other sources) are spread across the images (and partially beyond). Our targets are situated near the Galactic Plane where there is a high level of diffuse background emission whose intensity peaks in the energy range of interest. Their spatial and spectral distributions are not well understood but they must be accounted for, nonetheless.
For each target, we began with a model file that included all 2FGL sources (The Fermi-LAT Collaboration 2011) located up to 5
• away from the target po- sition, and all bright (detection significance > 7σ and flux (>100 MeV) > 5 × 10 −8 ph cm −2 s −1 ) 2FGL sources up to 20
• away. We also included the latest spectral and spatial models for the Galactic (gal 2yearp7v6 v0) and extragalactic (iso p7v6source) diffuse emission. A binned likelihood analysis (gtlike) was performed on the full data set (0.1-1 GeV and 0.1-10 GeV) where sources within 3
• of the target (including the diffuse emission components) had spectral parameters that were allowed to vary, while sources within 9
• of our target had free normalizations. This enabled the spectral parameters of sources in the field to be constrained. A new model file was made in which all spectral parameters were fixed to the values derived from this binned analysis, except for the photon index and normalization of the target µQSO which were left free to vary.
Then, we performed an unbinned likelihood analysis in the 0.1-1 and 0.1-10 GeV energy range in three time bins: 0.1, 1, and 10 days. Only photons inside a circle of 7
• radius centered on the target were considered in the likelihood analysis. Restricting the energy range to lower values (0.1-1 GeV) increases the probability that the gamma-ray photons originate from our target, since these sources are expected to emit few photons above 1 GeV. However, any gain in likelihood is offset by a higher background due to the larger size of the LAT PSF at low energies. There are no significant differences in the light curves generated from the likelihood analysis in the 0.1-1 GeV and 0.1-10 GeV range (other than the aforementioned higher level of background in the former), so only the 0.1-10 GeV results are discussed hereafter. We note that in the current version of the Fermi Science Tools, an unbinned likelihood analysis of a faint source in the Galactic Plane can lead to an overestimation of the test statistic (TS 1 ). However, this effect should have a minimal impact on our analyses since the bias increases with exposure time whereas we are concentrating on exposures between 0.1-10 d. , and Swift-BAT (cts s −1 cm −2 in 15-50 keV). In this panel, the horizontal dashed lines denote the X-ray thresholds defined by Corbel et al. (2012) for its detection in gamma-rays, i.e., an ASM count rate ≥3 cts s −1 , and a BAT count rate crossing 0.02 cts s −1 , respectively. Error bars have been omitted for clarity.
Results
Cygnus X-3
Figure 2 presents the light curve for Cyg X-3 resulting from the unbinned LAT likelihood analysis, i.e., the source photon flux integrated over the 0.1-10 GeV energy range, its error, and a test statistic (TS ∼ −2 ln L where L is the ratio of the likelihood of models without and with the source of interest, c.f., Mattox et al. 1996) . Test statistics and their corresponding significances (σ ∼ √ TS) are not trial-corrected. For time bins in which TS<20, a 1-σ upper limit on the flux is plotted instead.
Provided for comparison are the daily light curves in soft and hard X-ray bands from MAXI-GSC (2-4 keV), RXTE-ASM (3-5 keV), and Swift-BAT (15-50 keV)
2 . Note the significant degradation of the ASM data towards the end of the RXTE mission lifetime (after MJD 55200: e.g., Grinberg et al. 2013) . As can be seen in Fig. 2 , the gamma-ray sampling by the LAT covers a wide range of spectral states (and transitions). Table 2 summarizes the daily gamma-ray detections of Cyg X-3 and the corresponding X-ray count rates. References to gamma-ray detections reported within 3 days of these dates are included.
Our analysis of Cyg X-3 reproduced all previouslyreported gamma-ray outbursts detected with LAT (Abdo et al. 2009c; Williams et al. 2011; Corbel et al. 2011 Corbel et al. , 2012 at comparable fluxes and TS values (F ≥100 MeV = (1 − 4) × 10 −6 ph cm −2 s −1 ). The source has also been detected on several occasions with AGILE (Bulgarelli et al. 2010b (Bulgarelli et al. , 2011b Piano et al. 2011 Piano et al. , 2012 , and these are indicated in Fig. 2 by ticks at the top of each panel. We can confirm significant LAT detections (TS≥20) around these dates for all but one of these: 2011 May 28 (MJD 55709: Piano et al. 2011 ) which happens to be the last reported gamma-ray outburst from this source.
There are 5 new days not previously reported with either Fermi or with AGILE during which the flux from Cyg X-3 is detected at a significant level by the LAT: these are MJD 54708, 54911, 55092, 55197, and 55890 (Table 2 ). The light curve binned at 10 d also shows significant gamma-ray emission (TS≥20) for bins that overlap these new daily outbursts.
Another way to visualize the X-ray and gamma-ray data is shown in Fig. 3 where the distribution of daily TS values obtained for Cyg X-3 is plotted in the ASM vs. BAT count-rate plane. Each circle in this plot is proportional in size to the daily TS value obtained for Cyg X-3 and is centered at the reported ASM and BAT count rates on that day. In cases where either ASM or BAT did not provide a daily count rate, we used the values from the nearest date so as to not discard information. Occasionally, this leads to vertical streaks in the distribution. For example, days from the last ∼6 months of LAT data used in this analysis were gathered when RXTE was no longer operating so they share the last reported ASM count rate of 0.245 cts s −1 . The average error on the count rate in both X-ray bands is denoted by a cross.
Visible is the expected hard (BAT) to soft (ASM)
Fig. 4.-Distributions of the test statistic (TS) from
an unbinned likelihood analysis of daily LAT data of Cyg X-3 (observed), compared with those from a spurious unidentified gamma-ray source that follows a randomized χ 2 3 distribution (randomized). Restricting the cumulative distributions to TS≥9 and applying a KS-test yields a low probability (< 10 −10 ) of statistical compatibility.
X-ray anti-correlation despite the large scatter in the data. Days for which Cyg X-3 presented a high TS value (large circles) tend to be located in the lower right portion of the plot; in the parameter space defined by Corbel et al. (2012) that appear necessary for gamma-ray emission from Cyg X-3. This is when Cyg X-3 emits over 3 cts s −1 in the ASM band (3-5 keV), and crosses the critical value of 0.02 cts s −1 in the BAT band (15-50 keV). A multiplicative factor of ∼0.05 is required to convert count rates from ASM to MAXI (2-4 keV).
These X-ray conditions from Corbel et al. (2012) were met or close to being satisfied on almost all days for which TS≥20, possibly meeting them on timescales less than the 1-d binning used in the light curve. On the other hand, the X-ray conditions are often satisfied without a corresponding daily LAT detection; this is evident in the large number of low-TS value circles located within this region.
In Fig. 4 , we present the distribution of daily TS values from Cyg X-3 as compared with a distribution of TS values that follows a randomized χ 2 3 distribution (i.e., the expected TS distribution for a spurious unidentified gamma-ray source: Mattox et al. 1996) . We are mainly interested in TS values of 9 or above, and the distributions diverge below this value, so we drew the cumulative distributions of the samples for TS≥9 and applied the Kolmogorov-Smirnov (KS) test. We obtain a very low KS-test probability (less than 10 −10 ) of statistical compatibility between the observed and randomly-generated distributions. Figure 5 shows the discrete cross-correlation function of Cyg X-3 comparing the light curve in gammarays with those from soft (ASM) and hard (BAT) Xrays. Deviations from cross-correlation φ j = 0 are 35% and are likely the result of instrumental effects such as the 57-d precession period of the Fermi space telescope (and other known Fermi periods such as at 96 min, 3.2 hr, 1 d and 91 d: R.H.D. Corbet, private communication) .
It has been proposed by Abdo et al. (2009c) that gamma-ray emission from Cyg X-3 is maximized at superior conjunction, i.e., when the compact object and its jet are irradiated by the WR star with respect to our line of sight. We checked whether the 5 new daily detections of Cyg X-3 occurred at specific binary orbital phases by using the updated ephemerides of Zdziarski et al. (2012) to assign the orbital phase to the events file. Merging the events files from the 5 new daily detections into a single file enables us to visually confirm the 96 min and 3.2 hr periodicities which are due to the orbital period of the Fermi spacecraft. Because these periodicities are strong compared to the emission from Cyg X-3, we are unable to measure a significant increase in events coincident with certain phases of the expected 4.8-hr binary orbital period. This is true even when we focus on the day during which the TS is highest (MJD 54812). The binary period is also absent from the 0.1-d light curve generated from a likelihood analysis of the full data set which yields a significant detection only at the 57-d Fermi precession period. On the other hand, orbital modulations in the gamma-rays have only been detected during gamma-ray flaring epochs , and the likelihood analysis is not recommended for exposures shorter than ∼1 day, so other methods such as aperture-restricted event-weighting and epoch-specific analyses (e.g., as in Corbet et al. 2011; Corbel et al. 2012 ) are more appropriate. Figure 2 showed good overall consistency between the 1-d and 10-d LAT light curves. In addition, the 10-d binned light curve reveals numerous significant detections (TS≥20) of Cyg X-3 both in and out of the expected gamma-ray active states. This could be the signature of faint, persistent gammaray emission from Cyg X-3, but another possibility is that these are contaminating photons originating from PSR J2032+4127 which is located around 30 ′ away. Unlike in previous studies (Abdo et al. 2009c; Williams et al. 2011; Corbel et al. 2012 ), in our likelihood analysis of Cyg X-3, events corresponding to the on-pulse phases of this nearby pulsar were not removed.
To test the degree to which PSR J2032+4127 contributes to the gamma-ray flux at the location of Cyg X-3, we restricted the event times to an interval in which gamma-ray photons from Cyg X-3 have been confirmed by the LAT and by AGILE: between MJD 54990 and MJD 55045. Phase information from the latest gamma-ray ephemeris of PSR J2032+4127 from Ray et al. (2011) was added to the events file of this time interval, and a new events file was generated in which the on-pulse phases were excluded. These are phases 0.0 ≤ Φ ≤ 0.15, 0.5 ≤ Φ ≤ 0.6, and 0.95 ≤ Φ ≤ 1.0 (c.f., Fig. 52 of Ray et al. (2011) ). This removed 30% of the live-time and so the exposure time of the resulting events file was adjusted accordingly. We ran the likelihood analysis considering the full 55-d interval as a single observation. In this case, the spectral parameters of sources located within 3
• of Cyg X-3 (including PSR J2032+4127 and the diffuse emission components) were allowed to vary, while normalizations were variable for sources out to a larger radius (9
• ) around Cyg X-3.
Discarding the on-pulse times removed nearly all photons from PSR J2032+4127, and it leads to a 30% reduction in the photon counts from Cyg X-3 and a similar reduction in the sum total of the photon counts from all sources in the field. This is consistent with the number of photons that would have been counted in the amount of exposure time that was removed. In conclusion, PSR J2032+4127 is not contributing significant numbers of unaccounted-for photons at the position of Cyg X-3 which makes it unlikely to be the source of persistent emission.
We can not completely rule out contaminating emission from other sources in the field, including the diffuse galactic and extragalactic background, as the source of the faint, persistent emission detected at the location of Cyg X-3. However, the bulk of the emission from other field sources is accounted for in the spectral models provided by the LAT team, and especially in the refined spectral models that we generated from the binned analysis of the long-term dataset. As we show in the next section, this underlying emission is not present in the 10-d binned light curve of Cyg X-1 which is also located in this field. This suggests that the 10-d detections in and out of previously-reported gamma-active epochs are likely to be from Cyg X-3 which means that persistent gamma-ray emission is being detected from a µQSO for the first time.
Cygnus X-1
In the 1369 days of gamma-ray monitoring by the LAT (Fig. 6) , the TS value reached a level of 9 (∼ 3σ) or above on the 21 days listed in Table 3 . Three of these candidate gamma-ray detections of Cyg X-1 by the LAT are contemporaneous with possible gammaray detections reported in the literature by AGILE. In all three cases, the possible 1-d detections by LAT precede the detections reported with AGILE by 1-2 days.
On 2009 October 14 (MJD 55118), we obtained a candidate detection of Cyg X-1 with the LAT at a TS value of 13 (∼ 3.6σ). This was only 1-2 days before Sabatini et al. (2010b) reported a short (1-d long) outburst at the location of Cyg X-1 with AGILE (see also Sabatini et al. 2013) . With the LAT, we measured a source flux of (1.1 ± 0.4) × 10 −6 ph cm −2 s −1 in 0.1-10 GeV, i.e., slightly lower than, but statistically compatible with, the flux reported with AGILE.
The maximum value of TS=17 (∼ 4σ) was reached on 2010 March 22 (MJD 55277), i.e., 1-2 days before a gamma-ray flare was detected by AGILE (Bulgarelli et al. 2010a ). On this date, LAT recorded a source flux of (1.4 ± 0.4) × 10 −6 ph cm −2 s −1 (0.1-10 GeV), i.e., consistent with the flux reported by AG-ILE in a similar band: (2.0 ± 0.9) × 10 −6 ph cm −2 s −1 . Figure 7 presents a spatial map of the TS value on MJD 55277 generated by modeling all sources except for Cyg X-1. A bright cluster of pixels can be seen consistent with the location of Cyg X-1. The large 
-Differential test statistic (TS) map of a 10
• × 10
• field centered on Cyg X-1 from LAT data (0.1-10 GeV) during MJD 55277. Each pixel is 0.25
• wide, and in the lightest regions, the TS values range from 15 to 17 (∼ 4σ).
size of this pixel cluster and its offset with respect to Cyg X-1, both of which are also seen in AGILE TS maps of this source (Sabatini et al. 2013 ), can be explained by the ∼2
• -diameter of the PSF at these energies and the low photon counts.
Around the time of the third AGILE detection (beginning on 2010 June 30 or MJD 55377: Sabatini et al. 2010a Sabatini et al. , 2013 , we obtained with LAT on 2010 June 28 (MJD 55375) a TS value of 10 (∼ 3σ) at a flux of 2 × 10 −7 ph cm −2 s −1 , i.e., less than the flux of 10 −6 ph cm −2 s −1 measured with AGILE. Figure 6 shows that this date corresponds to an epoch in which Cyg X-1 was undergoing a hard-to-soft state transition (Negoro et al. 2010; Rushton et al. 2010; Wilson-Hodge & Case 2010) . There are no reports of contemporaneous radio flaring which is sometimes seen during such transitions (e.g. Cadolle Bel et al. 2006; Wilms et al. 2007) . Monitoring around this time shows that the radio emission was briefly quenched (MJD 55386: Rushton et al. 2012) and then showed the possible spectral signatures of discrete ejection events (MJD 55400: Tudose et al. 2010) .
Given that there are contemporaneous (but not coincident) detections with AGILE for MJD 55118, MJD 55277, and MJD 55375, it is not necessary to Fig. 4 for Cyg X-1. For TS≥9, the probability of statistical compatibility from a KS-test is 55%. apply a trial correction to the detection significances that we obtained on these dates. For the other days listed in Table 3 , the requirement to correct for the number of blind-search trials can be relaxed if it can be shown that these dates correspond to likely gammaray emission states from Cyg X-1, e.g., states in which the jet is present. The intermediate state of Cyg X-1 is thought to feature the formation and destruction of relativistic jets, while compact jets (lower bulk velocity, and hence, less energetic than the relativistic jets) are believed to always be present during the hard state (Stirling et al. 2001; Fender et al. 2009 ).
We identified the most likely state of Cyg X-1 by employing the prescription of Grinberg et al. (2013) based on RXTE and MAXI count rates. There are 5 days listed in Table 3 in which Cyg X-1 was in the transitional/intermediate state (MJD 55001, 55160, 55671, 55913, and 55941) , and 1 day (MJD 55809) where the source was in the soft state, which suggests that it passed through the intermediate state on timescales shorter than the binning that was used. The other dates in Table 3 had Cyg X-1 in the hard state.
As was done for Cyg X-3, we compared the observed TS distribution from Cyg X-1 with that of a randomly-generated light curve of a spurious uniden-tified EGRET source (Fig. 8) . For TS≥9, the KS-test probability of statistical compatibility is 55%. This suggests that low-significance LAT detections that are not contemporaneous with those of another gammaray instrument (e.g., AGILE), or for which there is no other compelling evidence that gamma-rays should be present, are likely spurious. Signatures of the 5.6-d binary orbital period of Cyg X-1 (e.g., Wen et al. 2006) could not be found in the 0.1-d light curve.
GRS 1915+105
The light curve of GRS 1915+105 from the likelihood analysis of 1-d and 10-d bins contains four days (out of 1371) on which the TS was above 9 (a maximum of 14.4 was reached on MJD 55110) with no 10-d bins having TS≥9 ( Fig. 9 and Table 4 ). Comparing the observed daily TS distribution with that of a randomized TS distribution yields a KS-test probability of 83% of statistical compatibility between the distributions for TS≥9 (Fig. 10) . This indicates that the low-significance detections are likely spurious. It is also clear that the source is not detectable on longer timescales of 1-2 years based on its absence from the 1FGL and 2FGL catalogs. We obtain a 3σ upper limit of 2.3 × 10 −8 ph cm −2 s −1 on the persistent flux from GRS 1915+105 in the 0.1-10 GeV range. This value was determined by considering the full 4-year data set as a single observation, and running the likelihood analysis where the spectral parameters of sources within 3
• of GRS 1915+105 (including those of GRS 1915+105 and of the diffuse galactic and extragalactic components) were allowed to vary, while sources within 9
• of GRS 1915+105 had free normalizations.
GX 339−4
There are hints that the large X-ray outburst of 2010 was accompanied by TS≥9 detections on 1-d and 10-d timescales in the gamma-rays (Fig. 11) . This can be seen in the apparent clustering of TS≥ 9 bins within the ∼400 day duration of the X-ray flare. However, the significances in these bins are low ( 4.5σ) and so the data do not provide conclusive evidence of gamma-ray activity by GX 339−4 on 1-d or 10-d timescales in the nearly 4 years since the launch of Fermi. The known orbital period of 1.8 d (Jonker & Nelemans 2004) is not detected in the 0.1-d light curve. We can also rule out a detection on timescales of years given its noninclusion in the 1FGL and 2FGL catalogs. This is despite the fact that the source has shown multiple state transitions during this time, including the brightest radio emission ever detected from this source during the hard state (Corbel et al. 2010a) , and the ejection of material along a relativistic jet colliding with the interstellar medium (Corbel et al. 2010b ). On 11 days (out of 1369) the TS was at the level of 9 or above ( Table 5 ). The KS-test probability of 73% suggests that the low-significance detections are likely spurious (Fig. 12) . Based on a likelihood analysis of the 4-year data set in which the spectral parameters of GX 339−4 and nearby sources (including those of the galactic and extragalactic diffuse background emission) were allowed to vary, we obtain a 3σ upper limit of 1.6×10 −8 ph cm −2 s −1 on the persistent 0.1-10-GeV flux from GX 339−4.
Discussion
Gamma-ray emission from Cygnus X-3
Our analysis of Cyg X-3 produced results that are consistent with previous reports and provided additional insight into this µQSO. We confirm all but one of the previously-reported gamma-ray detections at similar flux levels and significances. The lone exception is the last reported gamma-ray detection by AGILE (Piano et al. 2011) .
Five new transient emission events (lasting ∼1 day) were detected outside of any previously-known gamma-ray active epochs. Two of the five events satisfy the X-ray conditions necessary for triggering gamma-ray emission as defined by Corbel et al. (2012) . A third criterion relating to radio emission also exists: in past gamma-ray detections, the radio emission was either quenched just prior to the appearance of gamma-rays, or it showed minor flaring with flux densities of ∼0.1-0.6 Jy at 15 GHz. We checked the radio emission at 15 GHz on these dates with the Large Array of the Arcminute Microkelvin Imager (The AMI Consortium: Zwart et al. 2008) , and found that the radio emission was nearly quenched (flux density ∼10 mJy) on MJD 55092. For the other 4 candidate gamma-ray detections, the radio flux density varied between 0.05 Jy and 0.15 Jy, i.e., at the low end of the level of minor flaring that has been seen in previous gamma-ray outbursts.
One observable difference between leptonic and hadronic processes is the cutoff energy in the gammaray range of the spectral energy distribution (SED). In IC processes, the electrons can lose energy very rapidly by scattering and so they are unable to reach energies higher than a few TeV. Protons are not able to cool as efficiently and so the cutoff of the SED in the hadronic case extends to higher energies than in the leptonic case. The source flux and upper limits are not constraining enough to enable us to conclusively confirm or reject one of these scenarios.
Another observable difference between leptonic and hadronic processes is that neutrinos are the expected byproduct (besides gamma-rays) of the decay of neutral pions. Detecting neutrinos from Cyg X-3 would provide conclusive evidence that hadronic processes dominate the high-energy range of the SED (Christiansen et al. 2006; Baerwald & Guetta 2012) . Observations gathered with IceCube (Karle et al. 2003) have not yielded a signature of a point-like neutrino source at the position of Cyg X-3, however, the expected neutrino flux is well below the current sen- Fig. 4 for GRS 1915+105. The KS-test probability is 83%. sitivity limit of the instrument, and so more data are needed (Abbasi et al. 2011) .
We detected significant ( 5σ pre-trial correction) gamma-ray emission from Cyg X-3 on timescales of 10 days or more. Many of these 10-day-long bins overlap days on which transient outbursts were reported above ∼100 MeV. These outbursts occasionally last a few days or weeks, so detecting emission in 10-d bins that are coincident with these epochs is not surprising. However, we did not anticipate finding a significant number of 10-d bins with high TS values outside of these gamma-active epochs, i.e., no more than would be expected from a likelihood analysis of a spurious unidentified gamma-ray source. Instead, we found that around half of the bins on the 10-d timescale had TS≥20 ( 4.5σ), and many of these were outside any known gamma-ray active epoch.
Contaminating emission from point-like or diffuse sources near Cyg X-3, which happens to reside in one of the most challenging regions of the sky for the LAT at these energies, could not be completely excluded. Neronov et al. (2012) found that the pulsar population contributes significant variability (on timescales of months) to the gamma-ray emission along the Galactic Plane. There is still a great deal of uncertainty in the spectral and spatial models of the sources in the field, and this is especially true for the diffuse components. Nevertheless, these models represent the best fit available over the full data set. If we assume that the underlying emission is not from Cyg X-3 but due to the summed contribution of pulsars and other sources, this indicates that the normalizations of sources in the Cygnus region should be slightly higher (within the uncertainties) than they are currently set in the 2FGL catalog. This hypothesis can be rejected based on the fact that this emission is not present in the 10-d light curve of another object in this field with similar source spectral models: Cyg X-1.
If this is really coming from Cyg X-3, then it appears to be persistent gamma-ray emission. It might be that this system is unique given its extremely tight orbit and very massive donor star. The dense wind of the WR star being in such close proximity to an accreting CO can lead to shocks and particle acceleration inside turbulent accretion zones (Bednarek 2009 ). Fender et al. (2009) propose that steady, compact jets are expected from accreting black holes in the hard state. While Cyg X-3 was often observed to be in the hard state during the past 4 years, it is important to note that interactions between the accretion disk and the wind from the WR donor star lead to significant differences in the hard state spectrum of this source compared with the typical hard state of BH X-ray binaries ). Another possibility is that the jet in Cyg X-3 never turns off, and that these jet electrons IC-scatter photons from the dense radiation field (Dermer & Böttcher 2006) . If the plasma around the black hole is pair-dominated or mildly relativistic, then it can generate a gammaray "bump" at MeV energies, although not persistently (Liang & Dermer 1988; Dermer et al. 1996; Li et al. 1996; McConnell et al. 2000) .
Possible confirmation of the gamma-ray detection of Cygnus X-1
In the absence of any indication that gamma-rays should be present from Cyg X-1 at a specific epoch, we would ascribe the few dozen low-significance detection days as being spurious. However, on three occasions (MJD 55118, MJD 55277, and MJD 55375), there was corroborating evidence from AGILE that gamma-rays were contemporaneously detected from this source. Our analysis of the LAT data supports the conclusions by the AGILE team that Cyg X-1 was gamma-ray active around these dates (Bulgarelli et al. 2010a; Sabatini et al. 2010b Sabatini et al. ,a, 2013 . Prior analysis of the LAT data by our group, by others (e.g., Hill et al. 2011) , and by the AGILE team (S. Sabatini: private communication) did not result in detections on these dates, and so the new Pass 7 data used in the current analysis is the first time that such excesses have been seen with the LAT.
In all three cases, the detection by Fermi preceded that of AGILE by 1-2 days. Given the lower energy bandpass of AGILE compared with the LAT, this delay could be an indication that different parts of the jet are producing gamma-rays at different times. For example, gamma-rays produced near the base of the jet are first seen at high energies by Fermi, and 1-2 d later, these jet particles interact with the ISM producing lower-energy gamma-ray photons seen by AGILE.
Another possibility is that the delay is related to the cooling of accelerated jet particles via adiabatic expansion, or via synchrotron and brehmsstrahlung losses. It has been proposed (and possibly observed once with MAGIC) that the production of gamma-rays should be maximized in IC and pair-production cascades near the phase of superior conjunction, i.e., when the massive donor star is between the observer and the CO, so that relativistic particles from the jet are beamed into the soft stellar radiation field (e.g. Bednarek 1997; Bednarek & Giovannelli 2007; Romero et al. 2010; Dubus et al. 2010) . In Cyg X-1, the time of superior conjunction in MJD is T 0 = 50077.995 + nP where n is the number of orbital cycles and P is the orbital period of 5.599829(16) d (Brocksopp et al. 1999 ).
The first LAT detection of Cyg X-1 contemporaneous with an AGILE detection was on MJD 55118. This integration window begins only 0.03 in phase after the nearest superior conjunction at MJD 55117.84(1) (n = 900). The second LAT detection contemporaneous with an AGILE detection (MJD 55277) is in the phase range 0.40-0.58 which overlaps inferior conjunction, while the AGILE integration window begins within 0.03 in phase of superior conjunction. The third LAT detection contemporaneous with an AGILE detection (MJD 55375) completely covers superior conjunction at MJD 55375.43(1) (n = 946). Keep in mind, however, that the short orbital period implies a ∼20% probability that superior conjunction will occur on any given day. This is consistent with our observations whereby superior conjunction fell on 3 of the 21 days (15%) for which TS≥9.
On these 21 days with TS≥9, Cyg X-1 was around twice as likely (29% vs. 15%) to be in the transitional (or intermediate) state, where the conditions favor the formation and destruction of the relativistic jet. Both of the contemporaneous candidate gamma-ray detections by AGILE and Fermi-LAT were captured while the source was in the hard state, where a steady, lowvelocity, compact jet is expected (Stirling et al. 2001) . During the review of this article, Malyshev et al. (2013) reported a detection of Cyg X-1 with the LAT (TS = 15.6, σ ∼ 4) by summing all available gammaray data during the hard state. The radio data from AMI shows Cyg X-1 at a flux density of 5-20 mJy at 15 GHz on these 2 days (and similar flux densities around the other 19 days) with no correlation between the level of radio emission and the significance of the candidate gamma-ray detections. The data do not allow us to paint a complete gamma-ray picture of Cyg X-1, but it is clearly a candidate gamma-ray binary that will continue to merit further observations and study in the high-energy domain.
Ingredients necessary to produce gammarays in µQSOs
The recipe for producing transient gamma-rays in Cyg X-3 appears to be straightforward : variable radio emission from the jet at the level of ∼0.2-0.4 Jy (15 GHz); a soft X-ray flux in the ASM band above 3 cts s −1 (3-5 keV); and a hard X-ray flux in the BAT that transitions through 0.02 cts s −1 cm −2 (15-50 keV). These LAT observations provide us with a more general list of ingredients necessary for gammaray production in µQSOs.
According to leptonic and hadronic emission models, the jet is the primary ingredient necessary for producing gamma-rays in µQSOs. These jets appear during specific X-ray emission states and so we have a direct relation between the soft vs. hard accretionpowered X-ray luminosity, accelerated particles and synchrotron emission from the jet, and the production of gamma-rays. Searches for gamma-rays from these systems should focus on epochs with intense radio flaring. High-energy photons originating within the µQSO can be photo-absorbed by the various radiation fields that are present (Aharonian 2004; Bosch-Ramon et al. 2008; Dubus et al. 2010) . This absorption tends to dominate at energies 10 GeV, i.e., above the energy range considered in our analysis.
Only one µQSO has been positively identified in the gamma-rays: Cyg X-3. There are possible (lowsignificance) detections of Cyg X-1 in the gammarays with MAGIC (Albert et al. 2007) , with AGILE (Bulgarelli et al. 2010a; Sabatini et al. 2010b Sabatini et al. ,a, 2013 , and now with Fermi. Thus, the two µQSOs with confirmed or possible gamma-ray detections are both HMXBs. In fact, all gamma-ray emitting binaries that have been detected thus far have a high-mass companion: this includes LS I+61
• 303, LS 5039, 1FGL J1018.6−5856 (Fermi LAT Collaboration et al. 2012) , PSR B1259−63 (e.g., Tam et al. 2011) , and possibly HESS J0632+057 (Hinton et al. 2009 ). There are no known gamma-ray emitting LMXBs including, as was shown here, GRS 1915+105 and GX 339−4. This suggests that in addition to the radio jets, the nature of the donor star is an important ingredient in producing gamma-rays. High-mass stars feature a hot radiation field and dense winds which can serve: as soft seed photons necessary for pair creation and IC processes; and as a medium containing photons and protons with which the jet particles can interact. This ingredient is lacking in GRS 1915+105 and GX 339−4, which could explain why they were not detected in the gamma-rays despite the fact that both sources underwent major state transitions, including a huge radio outburst and relativistic ejection event from GX 339−4, during the 4-year monitoring period by the LAT. Thus, there are three possibilities for LMXB microquasars: 1) they do not emit any gamma-rays at all; 2) they emit some gamma-rays, but the flux is below the sensitivity limit of current telescopes; and 3) they emit gamma-rays, and the flux should be detectable. Scenarios 1 and 2 remain valid, but scenario 3 appears to be unlikely given our results (and those of other groups).
Leptonic and hadronic models predict orbital variations of the gamma-rays since the power of the collimated jet and the photon density of the soft radiation field will change along the orbit. As a result, the binary's orbital configuration with respect to our line of sight strongly influences the observed gammaray spectrum from photon absorption or IC processes (e.g. Bednarek 1997; Bednarek & Giovannelli 2007; Romero et al. 2010) . For Cyg X-3, Abdo et al. (2009c) determined from the orbital modulations that its gamma-rays peak whenever the base of the jet is illuminated by the stellar UV photons with respect to our line of sight, i.e., near superior conjunction (Abdo et al. 2009c ). For Cyg X-1, the possible MAGIC detection of TeV emission occurred near superior conjunction (i.e., with the CO behind the massive donor) when gamma-ray opacity is highest while the supergiant star provides a large target of UV seed photons (Albert et al. 2007; Romero et al. 2010) . Superior conjunction fell within (or nearly within) the 1-d Fermi integration window on two of three occasions for which there were contemporaneous detections of Cyg X-1 by Fermi-LAT and AGILE.
High magnetic fields can suppress pair-creation cascades and lead to modulation of gamma-rays from IC scattering (e.g., Paredes 2008) . Jet properties are not fully known for these systems, but their inclination with respect to the accretion disk, the observer, or the material at the termination shocks should influence the gamma-ray emission. For example, Cyg X-1 has a super-orbital period of ∼300 d (e.g., Zdziarski et al. 2011) due to the precession of the accretion disk, although this variability timescale could not be detected in our gamma-ray data.
In summary, the ingredients that seem necessary for producing gamma-rays in µQSOs are: 1) a radio jet; 2) dense winds and strong radiation fields typical of a high-mass donor star; and 3) an orbital configuration in which the CO is near superior conjunction. The magnetic field within the system and the jet inclination angle are also expected to play a role. The jet should be considered the primary ingredient in gamma-ray production, but our findings indicate, as others have suggested, that the nature of the donor star is also important. If the persistent emission that we detected from Cyg X-3 is confirmed, then this system, with its unique blend of extreme wind and orbital characteristics, may not even require a relativistic jet component to produce gamma-rays, although a compact jet could still be present.
Summary & Conclusions
In this work, we presented the results from a systematic search for gamma-ray emission from four µQSOs using ∼4 years of Fermi-LAT observations in the 0.1-10 GeV range. All four targets were very active in the X-rays during this time so our gamma-ray monitoring sampled a variety of states and transitions.
Gamma-ray flares from Cyg X-3 were previously seen by Fermi and by AGILE, and our analysis reproduced all but one of these reported outbursts at similar fluxes and detection significances. Cyg X-3 was also detected at (pre-trial-corrected) significances of ∼5σ on five additional days not previously reported in the literature. The known outbursts, and the five new ones reported here, all coincided with epochs in which the soft and hard X-ray fluxes satisfied (or were close to satisfying) the criteria defined by Corbel et al. (2012) , possibly satisfying the criteria on timescales less than the binning used here. Significant detections were seen for 10-d bins that overlap the known and new daily outbursts. In addition, there are numerous significant detections on 10-d timescales outside known gammaray flaring epochs. Its origin would therefore be unrelated to the relativistic jet, although a steady compact jet scenario is still a possibility, and would suggest that persistent gamma-ray emission from Cyg X-3 has been detected for the first time.
For the three other µQSOs in our study, the situation is very different from that of Cyg X-3. There have been three reports of possible gamma-ray flares from Cyg X-1: one at TeV energies by MAGIC and three others in the MeV range by AGILE. Our analysis yielded 21 dozen low-significance detections on 1-d timescales from Cyg X-1, three of which were contemporaneous (within 1-2 days) with AGILE detections. However, we conclude that the other detections are probably spurious given the absence of compelling evidence of jet or gamma-ray activity. There are no previous reports of gamma-ray flaring by GRS 1915+105 and by GX 339−4 and our analysis did not uncover any significant detections of these sources on 1-d and 10-d timescales. This is despite the fact that both sources were very active in the past 4 years, with GX 339−4 emitting a large radio flare during our gamma-ray monitoring.
These results enable us to refine the list of ingredients that appear necessary for the detection of gammarays from microquasars. These ingredients are, in order of importance: the jet; the spectral type of the donor star (i.e., the dense, ionized winds of massive stars in HMXB systems are preferred); and the orientation of the jet with respect to the observer (i.e., the preferred orbital configuration of the system is superior conjunction). Other factors such as the magnetic field and the jet inclination angle could also affect the emission of gamma-rays.
Even with the sensitivity of current instruments, detecting gamma-rays from µQSOs is challenging due to the relative faintness of these systems and their location in the crowded regions of the Galactic Plane. Nevertheless, studying these objects in the gamma-rays, in tandem with multi-wavelength monitoring from the radio and X-rays, can provide valuable insights into the physics of jets and particle acceleration mechanisms. 
